Abbreviations used: BMmø, bone marrow--derived macrophage(s); BPS, bathophenanthroline disulfonic acid; DLN, draining lymph node; ORF, open reading frame.

Limiting the access of pathogens to iron is thought to be one of the defense strategies used by activated macrophages against intracellular infections ([@bib1]). The critical role of iron for the survival of microbes within endocytic vesicles is highlighted by the importance of Nramp1 (also known as Slc11a1) in natural resistance to infections ([@bib2]). Point mutations in Nramp1 are associated with the susceptibility of macrophages to pathogens that replicate within the endocytic compartment, such as the bacteria *Salmonella* and *Mycobacterium* and the protozoan *Leishmania*. Recent investigations into the role of Nramp1 revealed that it functions as a pH-dependent transporter that can extrude Mn^2+^, and possibly other divalent cations, from phagolysosomes ([@bib3]). Thus, although this has not yet been directly demonstrated, Nramp1 may promote resistance to infection by removing iron from intracellular compartments, starving pathogens of this essential micronutrient ([@bib4]). Because several additional mechanisms contribute to the limited supply of iron that is intracellularly available, an efficient iron uptake mechanism is critical for the survival and replication of intracellular pathogens.

Iron is critically required as a cofactor of various important enzymes. In *Leishmania*, which replicates inside phagolysosomes of macrophages, iron superoxide dismutases are important for protection against the oxidative damage resulting from activation of the NADPH oxidase ([@bib5]). The uptake of iron for these essential enzymatic functions poses a particular problem for both pathogens and host cells ([@bib6]). Ferrous iron (Fe^2+^) is soluble in biological fluids, but it cannot be allowed to accumulate because of the highly toxic hydroxyl radicals that it generates by the Fenton reaction in the presence of oxygen. Therefore, iron uptake and storage have to be carefully regulated in both prokaryotes and eukaryotes ([@bib6]--[@bib8]). In an aerobic environment at neutral pH, iron exists as the poorly soluble oxidized ferric (Fe^3+^) form, which is found complexed to transferrin in serum, to lactoferrin in mucosal secretions, and to ferritin in the cytosol. Mammalian cells internalize a complex of transferrin with two Fe^3+^ ions (holotransferrin), which is endocytosed after binding to the transferrin receptor. Inside endosomes, acidification causes Fe^3+^ to be released from transferrin, followed by reduction to Fe^2+^ ([@bib9]) and translocation to the cytosol ([@bib10]). Thus, the low amounts of iron that are allowed to accumulate inside late endosomes and lysosomes are mostly in the insoluble Fe^3+^ form, creating a particular challenge for pathogens residing in these compartments.

Many bacteria internalize iron complexed to siderophores, secreted molecules that effectively compete with host proteins for Fe^3+^ ([@bib11]). There is so far no evidence that protozoa can acquire iron through siderophores and siderophore receptors; a specific investigation of this issue revealed that secreted *Leishmania chagasi* molecules are not capable of removing Fe^3+^ from lactoferrin or transferrin ([@bib12]). On the other hand, receptor-mediated transferrin uptake has been extensively characterized in the trypanosomatid parasite *Trypanosoma brucei* ([@bib13]). Although *Leishmania* also appears capable of acquiring Fe^3+^ complexed with lactoferrin or transferrin ([@bib12], [@bib14]), the existence of a specific receptor-based uptake mechanism in these parasites has not been confirmed ([@bib6]). An important development in this area came from the recent observation that iron uptake in *L. chagasi* occurs preferentially in the reduced Fe^2+^ form. This finding led to the demonstration that *Leishmania* contains an NADPH-dependent iron reductase activity capable of converting Fe^3+^ into the more soluble ferrous Fe^2+^ ([@bib15]). Thus, instead of relying on a transferrin receptor--based mechanism to take up the chelated ferric iron that is available intracellularly, it appears that *Leishmania* can generate soluble ferrous iron for direct uptake through membrane transporters. In this study we characterize LIT1, the first ferrous iron transporter to be identified in *Leishmania*. Our findings demonstrate that LIT1 is essential for replication of the parasites within macrophage phagolysosomes and for the development of pathology in mice.

RESULTS
=======

The Leishmania genome encodes two copies of LIT1, a homologue of the IRT1 iron transporter--encoding gene of *Arabidopsis thaliana*
-----------------------------------------------------------------------------------------------------------------------------------

Homology searches of the *L. major* database identified two identical genes on chromosome 31 in tandem, LmjF31.3060 and LmjF31.3070 (designated *LIT1-1* and *LIT1-2*; available from GenBank/EMBL/DDBJ under accession no. [CT005268](CT005268); [Fig. 1 A](#fig1){ref-type="fig"}), which share 30% identity and 53.8% similarity with *IRT1* from *A. thaliana* (available from GenBank/EMBL/DDBJ under accession no. [U27590](U27590)). PCR amplification and cloning of the corresponding 1.3-kb *LIT1* gene from genomic DNA of *L. amazonensis* revealed extensive identity with the *L. major* sequence ([Fig. 1 A](#fig1){ref-type="fig"}).

![**The *Leishmania* LIT1 gene encodes a membrane protein with high similarity to the IRT1 ferrous iron transporter from *A. thaliana***. (A) Alignment of the amino acid sequences of LIT1 from *L. amazonensis* and *L. major* (LmjF31.3060 and LmjF31.3070), and the IRT1 and IRT2 genes from *A. thaliana*. Identical residues are boxed in black, and the conserved residues shown to be critical for iron transport function in IRT1 are outlined in red. The predicted transmembrane domains (I-VIII) are underlined, and transmembrane domain IV is indicated. (B) Wild-type *L. amazonensis* promastigotes transfected with a GFP-LIT1 expression construct (pXG-*LIT1*). GFP-LIT1 fluorescence was detected on a plasma membrane (arrow) and in an additional intracellular, perinuclear compartment likely to correspond to the parasite\'s megasome.](jem2032363f01){#fig1}

*Arabidopsis IRT1* is an Fe^2+^ transporter from the ZIP family, whose members range from 309 to 476 amino acids and are predicted to have a similar membrane topology, with eight transmembrane domains and the amino- and carboxy-terminal ends located on the extracellular side of the plasma membrane ([@bib16]). Completely consistent with these features, *LIT1* encodes a 432--amino acid protein of 50 kD, which is also predicted to contain eight transmembrane domains. The most conserved portion of proteins from the ZIP family is in the putative transmembrane domain IV. This region is predicted to form an amphipathic helix with a conserved histidine and an adjacent semipolar residue, which are thought to be essential components of the heavy metal binding site ([@bib16], [@bib17]). Extensive identity is observed throughout this region in two homologous *Arabidopsis* genes, *IRT1* and *IRT2* (available from GenBank/EMBL/DDBJ under accession no. [NM_118088](NM_118088)), and the *LIT1* genes from both *L. major* and *L. amazonensis* ([Fig. 1 A](#fig1){ref-type="fig"}). Furthermore, there is complete conservation of all five residues shown to be essential for divalent metal transport by *Arabidopsis* IRT1 ([Fig. 1 A](#fig1){ref-type="fig"}, residues boxed in red) ([@bib17]), reinforcing the possibility that the *Leishmania LIT1* genes encode an iron transporter. When expressed in *L. amazonensis* promastigotes, a GFP-tagged form of LIT1 was expressed in a pattern consistent with localization on the plasma membrane ([Fig. 1 B](#fig1){ref-type="fig"}). The GFP-LIT1 chimera was also detected in an intracellular compartment, which may correspond to the parasite\'s megasome, a lysosome-like compartment ([@bib18], [@bib19]).

LIT1 is expressed by intracellular amastigotes and functions as a divalent metal transporter with preference for iron
---------------------------------------------------------------------------------------------------------------------

Antibodies generated against the 15 amino-terminal amino acids of LIT1, a region of the protein that is predicted to be exposed extracellularly ([@bib16]), failed to detect endogenous LIT1 by immunofluorescence or Western blot in *L. amazonensis* promastigotes and axenically grown amastigotes (not depicted). However, when immunofluorescence was performed on permeabilized bone marrow--derived macrophages (BMmø) from C57BL/6 mice infected with axenic amastigotes, a strong reaction with the antibodies was observed on parasites residing intracellularly for 24 h. This is a stage when the markedly enlarged parasitophorous vacuoles typical of *L. amazonensis* infections are clearly visible ([Fig. 2 A](#fig2){ref-type="fig"}, bottom). LIT1 was detected around the periphery of intracellular amastigotes, which was consistent with its predicted plasma membrane localization ([Fig. 2 A](#fig2){ref-type="fig"}, bottom right, inset).

![***L. amazonensis* LIT1 is expressed by amastigotes residing intracellularly, and expression is accelerated in Nramp1^+/+^ macrophages.** Mouse BMmø were infected with *L. amazonensis* axenic amastigotes for 1 h, washed, and further incubated for the indicated periods of time, followed by fixation, permeabilization, and immunofluorescence with antibodies specific for LIT1. (A) C57BL/6 BMmø (Nramp1^−/−^). Phase contrast (left) and fluorescence microscopy (right) images are shown. LIT1 was only detected 24 h after infection in a pattern consistent with localization on the plasma membrane of amastigotes (the inset shows an enlarged image). (B) C57BL/10ScSn (Nramp1^−/−^) or B10.L-Lsh (Nramp1^+/+^) BMmø. Punctate LIT1 immunofluorescence was detected after 12 h in the Nramp1^−/−^ BMmø and after 6 h in the Nramp1^−/−^ BMmø. Antibodies to LIT1 are labeled in green, and the host cell and parasite\'s DNA are stained in blue (DAPI). Arrows in A and B point to intracellular parasites. The images were acquired and enhanced for contrast under identical conditions.](jem2032363f02){#fig2}

Consistent with what was observed in axenically grown promastigotes and amastigotes, LIT1 was not detected by immunofluorescence on amastigotes recently internalized in BMmø ([Fig. 2 A](#fig2){ref-type="fig"}, top). This finding strongly suggested that LIT1 expression is up-regulated in the intracellular environment. Expression of IRT1, the close homologue of LIT1 in *A. thaliana*, is induced under iron-deficient conditions ([@bib20]). Because Nramp1/Slc11a1 has been postulated to modulate the iron concentration of phagolysosomes ([@bib4]), we performed time-course infection experiments in BMmø from C57BL/10ScSn (Nramp1^−/−^) or B10.L-Lsh (Nramp1^+/+^) congenic mice and analyzed LIT1 expression by immunofluorescence. In the Nramp1^−/−^ BMmø, LIT1 expression was low at 6 h after infection but was clearly detected in a punctate pattern after 12 h ([Fig. 2 B](#fig2){ref-type="fig"}, Nramp^−/−^). In Nramp1^+/+^ BMmø, LIT1 expression was detected earlier; punctate immunofluorescence associated with amastigotes was clearly visible at 6 h after infection ([Fig. 2 B](#fig2){ref-type="fig"}, Nramp1^+/+^). Confirming what was seen in C57BL/6 BMmø (Nramp1^−/−^), no LIT1-specific immunofluorescence was detected in BMmø derived from both mouse strains immediately after the 1-h infection period ([Fig. 2 B](#fig2){ref-type="fig"}, top). These results (see also Fig. S1, available at <http://www.jem.org/cgi/content/full/jem.20060559/DC1>) suggest that the intracellular expression of LIT1 may be accelerated by the Nramp1-mediated extrusion of iron from the *Leishmania*-containing phagolysosome.

To confirm that *L. amazonensis* LIT1 functions as an iron transporter, we performed assays of functional complementation in yeast. The *Saccharomyces cerevisiae* Δ*fet3fet4* mutant strain is extremely sensitive to iron deprivation, because it lacks the FET3 multicopper oxidase required for high affinity Fe^2+^ transport and the FET4 low affinity Fe^2+^ transporter ([@bib21]). It grows in iron-rich medium (YPD) but not in medium containing the iron chelator bathophenanthroline disulfonic acid (BPS; [Fig. 3 A](#fig3){ref-type="fig"}). The *Arabidopsis IRT1* gene was originally identified in a functional complementation screen using this strain and was subsequently shown to encode an iron transporter with preference for Fe^2+^ as a substrate ([@bib22]). Overexpression of *L. amazonensis LIT1* using the yeast multicopy vector p426 ([@bib23]) suppressed the Δ*fet3fet4* growth defect in iron-limited conditions (YPD + 20 μM BPS; [Fig. 3 A](#fig3){ref-type="fig"}), directly demonstrating that Fe^2+^ transport ability was restored. To examine the divalent metal substrate preference of LIT1, a wild-type *S. cerevisiae* strain was transformed with *LIT1* and grown in minimum medium (SCD) containing cadmium, which is toxic for yeast at high concentrations ([@bib24]). *LIT1* overexpression increased the sensitivity of *S. cerevisiae* to low concentrations of cadmium, but the growth defect was suppressed when cadmium and iron were provided simultaneously ([Fig. 3 B](#fig3){ref-type="fig"}). This result demonstrates, similar to what was previously shown for the *Arabidopsis* IRT1 transporter ([@bib17]), that though LIT1 is capable of translocating cadmium, it has a preference for iron as a substrate.

![***L. amazonensis* LIT1 functions as a divalent metal transporter with preference for iron.** (A) *LIT1* functionally replaces iron transporters in *S. cerevisiae.* The iron transport--deficient Δ*fet3fet4* strain, carrying either empty vector or *L. amazonensis LIT1*, was streaked on YPD-agar or YPD-agar containing 20 or 40 μM of the iron chelator BPS. Both strains, vector or *LIT1* transformed, were able to grow in iron-rich conditions (YPD). However, only the strain transformed with *LIT1* was able to grow under limiting iron conditions (YPD + 20 μM BPS). Extreme iron chelation conditions (YPD + 40 μM BPS) prevented the growth of both strains, vector or LIT1-transformed. (B) *LIT1* has preference for iron over cadmium as a substrate. Overexpression of *LIT1* in wild-type *S. cerevisiae* caused lethality when grown in the presence of 100 μM CdCl~3~ (SCD + Cd). The lethality caused by enhanced transport of Cd into the cells was overcome by supplying FeCl~3~ as an additional substrate (SCD + Cd + Fe).](jem2032363f03){#fig3}

LIT1 is not required for differentiation and growth of *L. amazonensis* in axenic culture
-----------------------------------------------------------------------------------------

The two identical *LIT1* genes are present in tandem within a 5,425-bp region, allowing us to generate a targeted deletion construct to simultaneously inactivate both copies ([Fig. 4 A](#fig4){ref-type="fig"}). Because *Leishmania* species are diploid protozoan parasites, two rounds of gene disruption are required to generate null clones. After two rounds of transfection and selection, clonal lines were identified in which both alleles of the two *LIT1* copies had been replaced by insertion of the *Hyg*- and *Neo*-selectable markers ([Fig. 4 B](#fig4){ref-type="fig"}). Independent null clones isolated in this manner behaved similarly, so only results with a single doubly disrupted clonal line, designated Δ*lit1*, are shown. Null Δ*lit1* promastigotes had no growth defect in culture as promastigotes ([Fig. 4 C](#fig4){ref-type="fig"}) and generated comparable numbers of infective metacyclic promastigotes when the cultures reached stationary phase (slender, free-swimming metacyclics were counted after agglutination of procyclic promastigotes with the mAb 3A1; unpublished data) ([@bib25]). Similarly, no defects in differentiation and growth as axenic amastigotes were observed after the cultures were shifted to pH 5.5 and incubated at 32°C (unpublished data). Northern blots identified a transcript of ∼2.4--2.5 kb in wild-type parasites but not in Δ*lit1* axenic amastigotes and promastigotes ([Fig. 4 D](#fig4){ref-type="fig"}). The LIT1 protein was only detected with antibodies in intracellular amastigotes (as described in the previous section; [Fig. 2](#fig2){ref-type="fig"}) or in extracellular promastigotes and amastigotes overexpressing LIT1 (see the next section). These observations reinforce the possibility that LIT1 expression is regulated posttranslationally in response to iron deprivation, as previously shown for several transitional metal transporters ([@bib20], [@bib26], [@bib27]).

![***LIT1*-null *L. amazonensis* grow normally as promastigotes and generate infective stages capable of infecting macrophages**. Generation and characterization of *LIT1*-null mutants. (A) Generation of Δ*lit1* mutants. The diagram shows the two *LIT1* genes in tandem (*LIT1-1* and *LIT11-2*; red arrows), flanked by two ORFs of unknown function (blue and green arrows). Upstream and downstream sequences were targeted for replacing the *LIT1* genes with selectable markers (light blue), without disruption of upstream and downstream genes. (B) Southern blots of genomic DNA from wild-type (+/+) or homozygous Δ*lit1* (−/−) promastigotes digested with *Not*I and probed with full-length *LIT1*, *Hyg*, or *Neo* ORFs. The successful sequential replacement of both alleles of *LIT1-1* and *LIT1-2* is indicated by the *LIT1*-containing 8-kb fragment only in wild-type parasites, and by both *Hyg*- and *Neo*-containing less than 4-kb fragments only in the null parasites. (C) Growth curves of wild-type and Δ*lit1* promastigotes in liquid culture. No differences in growth were detected, and Δ*lit1* stationary phase promastigotes differentiated normally into infective metacyclic forms. (D) Northern blot of total RNA from wild-type (+/+) and Δ*lit1* (−/−) axenic promastigotes (P) and amastigotes (A) probed with full-length *LIT1.* rRNA loading controls are shown at the bottom. (E) Infection of BMmø by wild-type and Δ*lit1* axenic amastigotes. Δ*lit1* promastigotes differentiated normally into infective axenic amastigotes, infected macrophages, and induced initial expansion of the parasitophorous vacuole. LIT1 was detected by immunofluorescence on wild-type intracellular amastigotes 24 h after infection but not on Δ*lit1* amastigotes. Anti-LIT1 antibodies are labeled in green, and host cell and parasite DNA are labeled in blue (DAPI). Arrows point to intracellular amastigotes.](jem2032363f04){#fig4}

LIT1 promotes iron transport and is required for intracellular replication in macrophages
-----------------------------------------------------------------------------------------

The normal generation of infective axenic amastigotes from Δ*lit1* promastigotes allowed us to perform macrophage infections in parallel with wild-type parasites. The numbers of intracellular parasites detected after 1 h of infection were similar in BMmø infected with the wild-type or Δ*lit1* lines, indicating no defect in invasion. After 24 h, LIT1 could be visualized by immunofluorescence around the periphery of wild-type, but not of Δ*lit1*, intracellular amastigotes ([Fig. 4 E](#fig4){ref-type="fig"}). Reinforcing the conclusion that reactivity with the antibodies reflects an increase in LIT1 expression, a band of the predicted molecular mass (∼50 kD) was detected in Δ*lit1* promastigotes transfected with the pXG-SAT episomal expression vector ([@bib28]) carrying *LIT1* ([Fig. 5 A](#fig5){ref-type="fig"}). When induced to differentiate into axenic amastigotes, ^55^Fe^2+^ uptake activity was observed in these *LIT1*-overexpressing parasites ([Fig. 5 B](#fig5){ref-type="fig"}). These results directly demonstrate that LIT1 expression confers Fe^2+^ uptake activity to *L. amazonensis* amastigotes.

![**LIT1 expression promotes iron uptake.** (A) Δ*lit1* promastigotes were transfected with vector alone or with pXG-*LIT1*, lysed, and analyzed by SDS-PAGE, followed by Western blot with anti-LIT1 antibodies. The arrow points to the ∼50-kD band detected only in parasites overexpressing LIT1. The bands detected on parasites transfected with vector alone correspond to unspecific background reactivity. (B) Δ*lit1* promastigotes transfected with pXG-*LIT1* were cultured at 32°C (pH 5.5) to induce differentiation into axenic amastigotes, washed, and assayed for ^55^Fe^2+^ uptake as described in Materials and methods. Closed squares and diamonds indicate incubation at 35°C; open squares and diamonds indicate incubation at 4°C.](jem2032363f05){#fig5}

In addition to a normal capacity for entering BMmø and triggering initial expansion of the parasitophorous vacuole ([Fig. 4 E](#fig4){ref-type="fig"}), Δ*lit1* intracellular parasites also expressed P4, a specific marker of intracellular amastigotes ([Fig. 6](#fig6){ref-type="fig"}) ([@bib29]). P4 was expressed by all Δ*lit1* intracellular amastigotes, regardless of whether the infections were initiated with axenic amastigotes ([Fig. 6 A](#fig6){ref-type="fig"}) or with purified, infective metacyclic promastigotes ([Fig. 6 B](#fig6){ref-type="fig"}). These results show that the LIT1 transporter is not required for the intracellular transition of recently internalized *L. amazonensis* into replicative amastigote forms.

![***LIT1*-null *L. amazonensis* differentiate normally into the intracellular mammalian stages.** BMmø were infected with wild-type or Δ*lit1* parasites (A, axenic amastigotes; B, metacyclic promastigotes) for 1 h, followed by washes, further incubation for 24 h, fixation, permeabilization, and immunofluorescence with antibodies against the amastigote-specific antigen P4 (reference [@bib29]). (A and B, left) Phase contrast; (A and B, middle and right) fluorescence microscopy. Anti-P4 (green) and host and parasite DNA (blue) are shown.](jem2032363f06){#fig6}

Next, we examined the capacity of *L. amazonensis* Δ*lit1* mutants for intracellular replication. In BMmø infected with wild-type axenic amastigotes, the number of intracellular parasites increased progressively between 24 and 72 h of incubation, as expected ([Fig. 7 A](#fig7){ref-type="fig"}, open columns). In contrast, there was no evidence for intracellular replication of Δ*lit1* amastigotes during the same period ([Fig. 7 A](#fig7){ref-type="fig"}, black-shaded columns). Importantly, the capacity for intracellular growth was completely restored in Δ*lit1* parasites expressing an episomally encoded wild-type copy of *LIT1* (Δ*lit1* + *LIT1*) ([Fig. 7 A](#fig7){ref-type="fig"}, gray-shaded columns). Similar results were obtained when BMmø infections were performed using purified metacyclic promastigotes: wild-type parasites increased in number between 48 and 72 h after infection ([Fig. 7 B](#fig7){ref-type="fig"}, open columns), whereas the numbers of intracellular Δ*lit1* parasites remained constant throughout this period ([Fig. 7 B](#fig7){ref-type="fig"}, black-shaded columns). Again, complementation with episomally encoded LIT1 completely restored the growth phenotype ([Fig. 7 B](#fig7){ref-type="fig"}, gray-shaded columns). In these experiments, the slower onset of *L. amazonensis* replication reflects the time period required for the intracellular differentiation of metacyclic promastigotes into replicative amastigotes. The results of both sets of experiments indicate the LIT1 transporter does not appear to be required for intracellular survival within the initial 72 h, but it is essential for intracellular replication.

![**LIT1 is required for the intracellular replication of amastigotes.** BMmø were infected for 1 h with wild-type, Δ*lit1*, and complemented Δ*lit1* + *LIT1 L. amazonensis* axenic amastigotes (A) or metacyclic promastigotes (B), and the number of intracellular parasites was determined microscopically after further incubation for 0, 24, 48 and 72 h. The data represent the mean ± SD of triplicate determinations and is representative of more than six independent experiments. The asterisks indicate significant differences between Δ*lit1* and the wild type (P \< 0.02). All values for infections with the complemented Δ*lit1* + *LIT1* line were not significantly different from the wild type (P \> 0.05).](jem2032363f07){#fig7}

Next, we examined the replicative compartments containing wild-type, Δ*lit1*, and Δ*lit1* + *LIT1* parasites within macrophages. A remarkable feature of the intracellular lifestyle of *Leishmania* is that it thrives within acidified, hydrolase-rich compartments that share numerous properties with degradative lysosomes ([@bib30], [@bib31]). As expected, the lysosomal glycoprotein Lamp1 was present on the membrane of vacuoles surrounding wild-type *L. amazonensis* amastigotes at early time points after invasion, as well as on the dramatically expanded compartments containing replicating parasites 48 and 72 h after infection ([Fig. 8 A](#fig8){ref-type="fig"}). Lamp1 was also detected at all time points on the membrane of vacuoles surrounding Δ*lit1* amastigotes, suggesting that *LIT1* deletion does not affect biogenesis of the phagolysosomal compartment. However, marked differences were noted on the morphology of the vacuoles. By 48 h after infection, although some vacuole expansion was apparent, the overall size of the compartments containing Δ*lit1* parasites was much smaller and, generally, contained only one amastigote per vacuole. By 72 h after infection these compartments appeared shrunken, and some Δ*lit1* parasites showed signs of degeneration (granulated appearance on phase-contrast and diffuse nuclear and kinetoplast staining; [Fig. 8 B](#fig8){ref-type="fig"}). In contrast, when Δ*lit1* parasites were complemented with a wild-type copy of *LIT1*, by 48 h after infection the expansion of the Lamp1-positive vacuoles was completely restored, and each vacuole contained numerous amastigotes ([Fig. 8 C](#fig8){ref-type="fig"}). Interestingly, overexpression of LIT1 by transfection with the episomal plasmid seemed to interfere with the sustained expansion of the replicative compartments. By 72 h after infection, the large parasitophorous vacuoles containing Δ*lit1* + *LIT1* parasites appeared somewhat collapsed, as indicated by the irregular staining pattern with anti-Lamp1 mAbs ([Fig. 8 C](#fig8){ref-type="fig"}). However, the complemented Δ*lit1* + *LIT1* intracellular amastigotes showed no signs of degeneration, which was consistent with the quantification assays that demonstrated a complete restoration in their capacity for intracellular replication ([Fig. 7 A](#fig7){ref-type="fig"}).

![**LIT1 regulates intracellular replication and parasitophorous vacuole expansion.** BMmø were infected with wild-type (A), Δ*lit1* (B), or Δ*lit1* + *LIT1* (C) *L. amazonensis* axenic amastigotes for 1 h and either fixed immediately (0 h) or further incubated for 48 or 72 h. After permeabilization, immunofluorescence was performed with mAbs against Lamp1. (A--C, left) Phase contrast; (A--C, middle and right) fluorescence microscopy. Antibodies to Lamp1 are labeled (green), and the host cell and parasite\'s DNA are stained (blue). Arrows point to intracellular parasites. The images show that although *LIT1* overexpression (Δ*lit1* + *LIT1* line) rescues the ability of Δ*lit1* amastigotes to replicate intracellularly, expansion of Lamp1-positive membranes surrounding the parasitophorous vacuoles is not restored to wild-type levels.](jem2032363f08){#fig8}

LIT1 is required for the development of cutaneous lesions in mice
-----------------------------------------------------------------

In vivo infections with *L. amazonensis* lead to the development of cutaneous lesions, which are considered to be the result of parasite replication in tissue macrophages. To determine if the intracellular replication defect of *LIT1*-null amastigotes resulted in a loss of virulence in vivo, we injected high numbers of wild-type or Δ*lit1* metacyclic promastigotes into the footpads of BALB/c mice and followed lesion development for \>200 d. Inoculation of up to 10^6^ Δ*lit1* parasites yielded no pathology in 100% of the mice infected, with no footpad lesions detected for up to 6 mo in several independent experiments. In contrast, all mice inoculated with wild-type parasites developed progressive lesions within 2--3 wk and were killed by 42 d after infection. Confirming that LIT1 is required for lesion formation, complementation of the Δ*lit1* mutant with either episomally encoded or a chromosome-integrated wild-type copy of the *LIT1* gene restored lesion formation ([Fig. 9 A](#fig9){ref-type="fig"}). A several week delay was observed in the development of lesions in mice infected with the complemented strains when compared with rapid lesion development seen after inoculation of wild-type parasites. It is a common finding that *Leishmania*-complemented strains do not completely recover virulence, most likely because of the unregulated expression of the "add-back" proteins ([@bib32]--[@bib34]). In the experiment shown, one of five mice injected with Δ*lit1* metacyclic promastigotes displayed measurable footpad swelling beginning at 13 wk that progressed slightly at 15 wk, when the mice were killed for quantitation of parasites in the footpad and in local draining lymph node (DLN). Interestingly, all of the mice inoculated with Δ*lit1* parasites harbored substantial numbers of viable amastigotes in the inoculation site ([Fig. 9 B](#fig9){ref-type="fig"}) and DLN ([Fig. 9 C](#fig9){ref-type="fig"}), including those without overt pathology. Nonetheless, there was at least a log-fold reduction in parasite loads in these tissues compared with mice infected with either of the complemented lines. These results are consistent with previous descriptions of in vivo persistence without pathology in *Leishmania* infections ([@bib35], [@bib36]). Further analysis of the Δ*lit1* promastigotes recovered from mice indicated that they retained the same properties of the original Δ*lit1* inoculum, including hygromycin/neomycin resistance and no capacity for intracellular replication in macrophages (unpublished data).

![***LIT1*-null *L. amazonensis* are avirulent for mice.** BALB/c mice were inoculated in the left hind footpad with 10^6^ ficoll-purified metacyclic promastigotes of *L. amazonensis* wild type, Δ*lit1*, Δ*lit1* + *LIT1* episomal (pXGSAT-*LIT1*), or Δ*lit1* + *LIT1* integrated (pIR1SAT-*LIT1*). (A) Lesion development was quantitated by weakly caliper measurements. The data corresponds to the mean ± SD of values obtained from five individual mice in each group. Parasite loads were determined in the footpad (B) or DLN (C) at 15 wk after challenge. Results shown represent parasite loads per footpad or DLN of individual mice, with geometric means and p-values between respective groups.](jem2032363f09){#fig9}

DISCUSSION
==========

Protozoan parasites belonging to the genus *Leishmania* are responsible for a spectrum of serious infections in humans, ranging from cutaneous lesions to a very severe visceralizing disease ([@bib37]). Major gaps still exist in our understanding of the biology of different *Leishmania* species and how their different properties correlate with the various clinical forms of the disease. One common aspect of most *Leishmania* species, however, is their remarkable capacity for surviving and replicating within acidified, hydrolase-rich phagolysosomes of macrophages ([@bib30]). In this study, we make an important step toward understanding the molecular mechanisms involved in adaptation to this harsh intracellular environment by identifying the first *Leishmania* membrane protein that functions intracellularly as a ferrous iron transporter. Our results show that the *L. amazonensis* LIT1 transporter is essential for intracellular replication in macrophages and for the development of pathogenic lesions in mice.

LIT1 was identified in the *L. major* genome database through its close homology to IRT1, a demonstrated high affinity Fe^2+^ transporter from *A. thaliana*. IRT1 was the first member to be identified in the ZIP family of metal transporters, which is now known to be present not only in plants but also in yeast, *Drosophila*, *Caenorhabditis elegans*, and humans ([@bib16]). Null mutants of *IRT1* in *Arabidopsis* have a severe growth defect in normal soil, which is rescued by the exogenous application of iron ([@bib38]). Additional reports demonstrated that iron is the preferred metal substrate for IRT1, although cadmium, cobalt, manganese, and zinc can also be transported ([@bib17], [@bib22]). As indicated by the preferential uptake of iron over cadmium when expressed in yeast ([Fig. 3 B](#fig3){ref-type="fig"}), LIT1 also functions as a divalent metal transporter with preference for iron.

The endocytic pathway in mammalian cells is thought to be iron poor, because acidification-induced release of Fe^3+^ from transferrin is followed by reduction to Fe^2+^ and translocation to the cytosol. It is well established that this function is performed by Nramp2 (also known as DCT1 or DMT1), the pH-dependent divalent cation transporter localized on the membrane of endosomes ([@bib9], [@bib10], [@bib39]). Nramp1 (Slc11a1) is a close homologue of Nramp2, found on macrophage late endosomes/lysosomes. The similarity between Nramp1 and Nramp2 has led to the suggestion that both function as pH-dependent symporters, promoting the efflux of metal ions from endocytic compartments ([@bib4]). However, different studies of this issue have reached contradictory conclusions, with some of the evidence indicating that Nramp1 may be an antiporter ([@bib40]--[@bib43]). Moreover, although Nramp1 was shown to be a pH-dependent transporter capable of extruding Mn^2+^ from macrophage phagolysosomes ([@bib3]), its postulated role in iron transport has not yet been directly demonstrated. Our findings provide new evidence in support of the notion that Nramp1 contributes to iron depletion from late endosomal compartments. Immunolocalization assays with antibodies specific for LIT1 failed to detect the protein in all extracellularly grown *L. amazonensis* life cycle stages and in parasites recently internalized by macrophages. However, a strong immunofluorescence signal was detected on intracellular amastigotes 12--24 h after infection of Nramp1^−/−^ macrophages. Importantly, the intracellular expression of LIT1 appeared to be accelerated in macrophages derived from congenic Nramp1^+/+^ mice. Thus, similar to what was previously shown for *Arabidopsis* IRT1 ([@bib20]) and other eukaryotic divalent cation transporters ([@bib26], [@bib27]), our results suggest that expression of the *Leishmania* LIT1 transporter is up-regulated by iron deprivation.

Although post-transcriptional regulation may also be involved, four lines of evidence suggest that LIT1 expression may be regulated posttranslationally by iron. First, LIT1 mRNA is present in axenic promastigotes and amastigotes, but no protein is detected with specific antibodies. Second, when overexpressed in promastigotes, GFP-LIT1 accumulates in intracellular compartments that may correspond to degradative lysosomes, in addition to the plasma membrane. Third, long-term residence in phagolysosomes, a compartment predicted to be iron poor, allows the detection of LIT1 with antibodies on the surface of amastigotes. Fourth, residence within phagolysosomes of Nramp1^+/+^ macrophages, postulated to be further depleted in iron, accelerates LIT1 expression. Collectively, these observations suggest that exposure to iron may induce LIT1 internalization and degradation, effectively removing the protein from the plasma membrane. This is a mechanism that was previously linked to the regulation of several eukaryotic divalent metal transporters ([@bib20], [@bib26]). Further characterization of this process in *Leishmania* will require the development of iron-free axenic culture conditions.

The exclusively intracellular expression pattern of LIT1 and the fact that it is dispensable for growth and differentiation in axenic culture suggests that alternative mechanisms for iron acquisition exist in the extracellular stages of *L. amazonensis*. This function may be fulfilled by the products of LmjF28.1330 and/or LmjF33.3200, genes present in the *L. major* genome (chromosomes 28 and 33, respectively) that contain predicted ZIP metal permease domains and share reasonable similarity with putative metal transporters. The intracellular expression of LIT1 also highlights the fact that it has to compete with host late endosomal transporters for the same substrate, ferrous iron. The fact that episomal expression of LIT1 completely rescues the intracellular growth of *LIT1*-null parasites indicates that the transporter is active in the acidic pH of the phagolysosome. This scenario is in agreement with several earlier studies, which revealed acidic pH optima for the transport of glucose, amino acids, and polyamines by *Leishmania* amastigotes ([@bib44]--[@bib46]).

A unique property of *L. amazonensis*, when compared with other *Leishmania* species, is its capacity to induce the formation of dramatically expanded intracellular vacuoles, where the replicating amastigotes accumulate. It has been proposed that this enlargement of the parasitophorous vacuole may be linked to the unique ability of *L. amazonensis* to survive in IFN-γ--activated macrophages ([@bib47]). Little is known about how these enlarged compartments are maintained and how expansion affects the concentration of microbicidal products and nutrients within the vacuoles. Interestingly, although complementation of *LIT1*-null *L. amazonensis* with wild-type *LIT1* restored their ability to replicate within macrophages ([Fig. 7 A](#fig7){ref-type="fig"}, Δ*lit1* + *LIT1* column), the swollen parasitophorous vacuoles appeared partially collapsed at later times after infection ([Fig. 8 C](#fig8){ref-type="fig"}, 72 h). This may be related to the overexpression of *LIT1* when introduced in an episomal vector, suggesting that vacuole expansion and maintenance may be affected by the rate by which Fe^2+^ is translocated into the parasite versus Fe^2+^ efflux from the vacuole.

Our results clearly show that the block in intracellular replication of *L. amazonensis* lacking the LIT1 transporter is not caused by defects in invasion, early survival within macrophages, or in differentiation into replicative amastigotes. These findings reinforce previous suggestions that the ability to replicate as amastigotes is the most important requirement for virulence in *Leishmania* ([@bib48]). Indeed, mutations in genes involved in macrophage infection and early survival (but not in growth as amastigotes) lead only to attenuation in virulence and delayed lesion formation ([@bib34], [@bib49]). On the other hand, mutants incapable of growing in macrophages, such as the *L. major lpg2* ^−^ lacking phosphoglycans ([@bib36]) and the *L. amazonensis* Δ*lit1* described in this paper, are avirulent. Remarkably, both *lpg2* ^−^ *L. major* and Δ*lit1 L. amazonensis* can still persist in vivo without causing pathology ([@bib36]). It is important to note, however, that the *lgp2* ^−^ persisting population can give rise to compensatory mutants with restored virulence despite their consistent lack of phosphoglycan expression ([@bib48]). No evidence for such reversal of the avirulent phenotype was seen so far in our studies, suggesting that secondary mutations may not be able to compensate for the absence of LIT1. In future studies, it will be of great interest to take advantage of the defined iron transport defect of Δ*lit1 L. amazonensis* to pursue the cellular basis of the compartment where avirulent parasites persist in host tissues.

MATERIALS AND METHODS
=====================

Parasites.
----------

D.L. Sacks provided the *L. amazonensis* IFLA/BR/67/PH8 strain. Promastigotes were maintained in vitro at 26°C in M199 (pH 7.4; Invitrogen) supplemented with 20% heat-inactivated FBS, 5% penicillin-streptomycin, 0.1% hemin (25 mg/ml in 50% triethanolamine), 10 mM adenine (pH 7.5), and 5 mM [l]{.smallcaps}-glutamine (M199/S). Axenic amastigotes were cultured at 32°C in the same medium supplemented with 0.25% glucose, 0.5% trypticase, and 40 mM Na succinate (pH 4.5). Metacyclic promastigotes were purified from 7-d-old promastigote stationary phase cultures using the mAb 3A1, which specifically agglutinates *L. amazonensis* procyclic promastigotes but not metacyclics ([@bib25], [@bib50]). Parasites were washed twice with PBS, resuspended at 2.5 × 10^8^ parasites/ml in 0.5 ml PBS containing a 1:500 dilution of 3A1 ascites for 30 min, and centrifuged at 250 *g* for 5 min. Nonagglutinated parasites in the supernatant were washed twice, counted, and used for infection of macrophages.

Identification of LIT1 in the *L. amazonensis* genome.
------------------------------------------------------

BLAST homology searches of the *L. major* database identified two identical genes in tandem, LmjF31.3060 and LmjF31.3070, that shared 30% identity and 53% similarity to the *A. thaliana* iron transporter IRT1. The following primers were used to amplify the corresponding 1.3-kb gene from genomic DNA of *L. amazonensis*: forward, 5′-[GGATCC]{.ul}ATGGAGACGGCGAAACTG-3′; and reverse, 5′-[GGATCC]{.ul}CTACAGCCAGTTGCCCAC-3′ (underlined sequences indicate added *Bam*HI sites). The PCR product was cloned into the pCR2.1-TOPO vector (Invitrogen) to generate a pCR-LIT1 plasmid, and the correct coding sequence was confirmed by sequencing.

Gene deletion constructs.
-------------------------

The gene deletion constructs (LaKOLITHyg and LaKOLITNeo) required for sequential deletion of both alleles of the *LIT1* genes were based on the *Leishmania* expression vectors pXG-hyg and pXG-neo (courtesy of S. Beverley, Washington University, St. Louis, MO) ([@bib28]). A 2-kb flanking sequence upstream of the *LaLIT1-1* open reading frame (ORF) was PCR amplified using the following primers: forward, 5′-GGAGYGCTTGTACGACCTCC-3′; and reverse, 5′-[GGATCCCGGG]{.ul}AGCAAGAGGGAGATAGAG-3′. A 1.2-kb flanking sequence downstream of the *LaLIT1-2* ORF was amplified using the following primers: forward, 5′-[GGATCCCGGG]{.ul}AGAGCGCATTGACTTGGT-3′; and reverse, 5′-GCTCTGCATATCTGCCATAC-3′. *Bam*HI and *Sma*I restriction sites were created in both fragments and used for cloning into the pCR2.1 vector (Invitrogen). The upstream fragment was excised from the vector and cloned into the *Bam*HI-linearized construct containing the downstream sequence. To generate the deletion constructs, the spanning regions containing DHFR-*Hyg* (or *Neo*)-TS were PCR amplified from the pXG-based vectors and ligated to the described construct, linearized by *Sma*I digestion. Plasmid DNA from each gene-targeting construct was digested with *Bam*HI and *Xho*I to release the integrating fragments, and the linearized gene deletion constructs were gel purified.

Transfection and generation of *LIT1*-null *L. amazonensis*.
------------------------------------------------------------

Mid-log *L. amazonensis* promastigotes were collected by centrifugation, washed once with PBS and once with ice-cold electroporation buffer (21 mM Hepes, pH 7.5, 0.7 mM NaH~2~PO~4~, 137 mM NaCl, 5 mM KCl, and 6 mM glucose), and resuspended at 10^8^ cells/ml. A volume of 0.4 ml was mixed with 10 μg DNA and placed into a 0.2 ml gap cuvette (Bio-Rad Laboratories). The cuvette was chilled on ice for 10 min, electroporated using a Cellpulser (Bio-Rad Laboratories) set at 450 V, 500 μF, and returned to ice for 10 min, followed by transfer of the promastigotes to 10 ml of growth medium and incubation at 26°C. After 2 d, promastigotes were plated on agar dishes (2% agar in complete promastigote growth medium) containing the appropriate drug for selection and incubated at 27°C. Colonies visible after 15 d were picked and tested for integration. For generation of the Δ*lit1* knockout, the region containing the two *LIT1* genes was replaced sequentially on both alleles by the hygromycin B phosphotransferase (*Hyg*) and neomycin phosphotransferase (*Neo*) genes, which confer resistance to the antibiotics hygromycin B and G418, respectively. 100 μg/ml hygromycin B and/or 50 μg/ml G418 were added to the medium used to expand the isolated colonies after each round of homologous gene targeting. Southern blots were performed to determine integration of the selectable markers at the *LIT1* locus. The homozygous Δ*lit1* strain was cultured in complete promastigote growth medium containing 100 μg/ml hygromycin B and 50 μg/ml G418. Complementation of Δ*lit1* parasites with wild-type *LIT1* was achieved by transfection of promastigotes with the episomal vector pXGSAT-*LIT1* (generated by cloning a *Bam*HI fragment containing the *LIT1* ORF into the pXGSAT vector \[[@bib28]\]) or linearized pIR1SAT-*LIT1* (generated by inserting the *LIT1* ORF into the *Sma*I site of the pIR1SAT vector that promotes integration into the ribosomal SSU locus \[provided by S. Beverley\]). Agar-grown clones resistant to 50 μg/ml nourseothricin were selected for further characterization.

For Northern blots, 10 μg of total RNA extracted from *L. amazonensis* amastigotes and promastigotes (RNeasy Mini Kit; QIAGEN) were loaded onto 1.2% MOPS/formaldehyde agarose gels, transferred to a nylon membrane, and prehybridized for 2 h at 42°C in 10 ml of 5× Denhardt\'s solution/5× standard sodium phosphate with EDTA/1% SDS with 200 μg/ml salmon sperm DNA. Hybridization was performed overnight at 42°C in 10 ml of the same buffer containing 50% formamide and the ^32^P-labeled LIT1 probe. Filters were washed and exposed at −70°C for autoradiography.

^55^Fe incorporation assays.
----------------------------

Axenic amastigotes were washed twice with PBS, resuspended in uptake buffer (140 mM NaCl, 5 mM KCl, 1mM CaCl~2~, 0.09% glucose, 10 mM MES, pH 5.5) at 5 × 10^8^ parasites/ml, and placed in 100-μl aliquots in microcentrifuge tubes. Ascorbic acid (to reduce Fe^3+^ to Fe^2+^) was added to the uptake buffer to a final concentration of 50 μM from a 1-mM freshly made solution. To maintain ^55^Fe (82.69 mCi/mg, 39 mCi/ml; PerkinElmer,) in solution for uptake, a FeCl~3~--nitrilotriacetic acid (Fe-NTA) solution was prepared at a 1:50 molar ratio. To initiate iron uptake, 100 μl ^55^Fe-NTA (2 μM ^55^Fe) was added to the cell suspension, and the samples were incubated at 35°C or 4°C for various time intervals. At the end of the incubation period, parasites were washed three times with PBS, the pellets were resuspended in 100 μl PBS, and the cell-associated radioactivity was counted in a liquid scintillation counter (Wallac 1409; PerkinElmer). The protein concentration of the samples was determined by a bicinchoninic acid assay (Pierce Chemical Co.).

LIT1 expression in yeast.
-------------------------

The *LIT1* ORF was placed under the control of the ADH promoter for overexpression in *S. cerevisiae* by cloning into the pAD4M (LEU2^+^) or p426 (URA2^+^) vectors ([@bib51]) at the *Sma*I or *Bam*HI sites, respectively. The Δ*fet3fet4* yeast strain (provided by M.L. Guerinot, Dartmouth College, Hanover, NH) ([@bib21], [@bib22]) was transformed with p426-*LIT1* and selected on minimal essential plates without uracil before streaking on rich media (YPD) with or without the iron chelator BPS (final concentrations of 20 or 40 μM). A wild-type strain (W303) was transformed with pAD4M-*LIT1* and selected on minimal essential plates without leucine. The transformed yeast colonies were tested for the ability to grow at 30°C for 5 d on plates containing 100 μM CdCl~3~, or 100 μM CdCl~3~ and 100 μM FeCl~3~.

Infection of primary bone marrow macrophages.
---------------------------------------------

BMmø isolated from C57/BL6 mice (Charles River Laboratories) were prepared as described previously ([@bib52]), seeded onto 24-well plates containing coverslips at a density of 7 × 10^4^ cells per well, and incubated overnight in RPMI 1640 with 10% FBS containing 5% L cell supernatant (as a source of M-CSF) at 37°C and 5% CO~2~. Attached BMmø were washed with fresh RPMI 1640 and infected with 1.4 × 10^5^ axenic amastigotes or 7 × 10^5^ metacyclic promastigotes per well in 0.5 ml RPMI 1640 with 2% FBS (multiplicity of infection = 2 and 10 for amastigotes and metacyclic promastigotes, respectively). BMmø isolated from C57BL/10ScSn (Nramp1^+/+^) or B10.L-Lsh (Nramp1^−/−^) congenic mice (provided by J. Blackwell, Cambridge University, Cambridge, UK) ([@bib53]) were cultured in DMEM with 10% FBS containing 15% L cell supernatant for 6 d, followed by replacement of half the medium with DMEM with 10% FBS at day 7 and infection on day 8 in DMEM with 10% FBS ([@bib54]). After 1 h at 34°C and 5% CO~2~, free parasites were removed by three washes with PBS, and the cultures were further incubated in for various periods of time, followed by fixation with 2% paraformaldehyde (PFA) and staining with DAPI. The number of intracellular parasites (identified through the characteristic kinetoplast DNA stained with DAPI and localization within enlarged vacuoles by phase contrast) was determined at 100× with a microscope (Axiovert 200; Carl Zeiss MicroImaging, Inc.) in a minimum of 400 macrophages per coverslip in triplicate, and the data were expressed as the total number of intracellular parasites per 100 macrophages. The data were analyzed for statistical significance using an unpaired Student\'s *t* test (P \< 0.05 was considered significant).

Fluorescence microscopy.
------------------------

To construct a GFP-*LIT1* gene fusion, the *LIT1* ORF was cloned into the pXG-GFP2^+^ vector (courtesy of S. Beverley) ([@bib28]), which drives the expression in *Leishmania* of proteins fused to GFP at the amino terminus. Transfected *L. amazonensis* promastigote clones expressing GFP-*LIT1* were selected by growth in 100 μg/ml G418. Polyclonal antibodies against LIT1 were generated by immunizing a rabbit with the first 15 amino acids of LIT1 (METAKLSVEASTRHL) coupled to keyhole limpet hemocyanin (MBS cross-linking reagent; Pierce Chemical Co.), and affinity purified using the cognate peptide coupled to Affigel 15 (Bio-Rad Laboratories). For immunofluorescence, BMmø infected with the various *L. amazonensis* strains (wild-type, Δ*lit1*, and Δ*lit1* + *LIT1*) were fixed with 2% PFA, blocked with 50 mM NH~4~Cl and 2% goat serum in PBS, permeabilized in 0.1 mg ml^−1^ saponin, and incubated for 1 h at room temperature with rabbit polyclonal antibodies against LIT1, P4 (courtesy of D. McMahon-Pratt, Yale University, New Haven, CT) ([@bib29]), or mAbs against mouse lysosomal-associated membrane protein 1 Lamp1 (1D4B; Developmental Studies Hybridoma Bank). After incubation with Alexa-conjugated goat anti--rabbit or --mouse IgG (Invitrogen), coverslips were mounted in antifade reagent (ProLong; Invitrogen) and examined by a fluorescence microscope (Axiovert 200) equipped with a CCD camera (CoolSNAP HQ; Photometrics) controlled by software (MetaMorph; Molecular Devices Corporation).

In vivo virulence and persistence assays.
-----------------------------------------

Female BALB/c mice were injected in the left hind footpad with 10^6^ ficoll gradient--purified metacyclic promastigotes of *L. amazonensis* ([@bib55]), and lesion progression was followed by blinded weekly measurements with a caliper. The total number of parasites in the injected footpad and local DLN 15 wk after infection was estimated by a limiting dilution assay, as previously described ([@bib56]). Infected footpad tissue was prepared after removal of the toes and bones by incubation for 2 h at 37°C in DME containing 100 U/ml penicillin, 100 μg/ml streptomycin, and 50 μg/ml Liberase CI enzyme blend (Boehringer). Footpad tissues were ground in a Medimachine (Beckton Dickinson). Popliteal lymph nodes were removed and mechanically dissociated using a pellet pestle in 100 μl DME containing 100 U/ml penicillin and 100 μg/ml streptomycin medium. Tissue homogenates of both infected tissues and DLNs were filtered using a 70-μm pore size cell strainer (Falcon Products, Inc.). Recovered cells were serially diluted in a 96-well flatbottom microtiter plate containing biphasic medium prepared using 50 μl NNN medium containing 20% defibrinated rabbit blood and overlaid with 100 μl M199/S medium. The number of viable parasites was determined from the highest dilution at which promastigotes could be grown out after 7--10 d of incubation at 26°C. Statistical significance between means of various groups was determined using a two-tailed *t* test for independent samples.

Online supplemental material.
-----------------------------

The expression of LIT1 by *L. amazonensis* amastigotes in BMmø from C57BL/10ScSn (Nramp1^−/−^) or B10.L-Lsh (Nramp1^+/+^) mice was examined by immunofluorescence with specific antibodies. LIT1 was detected earlier (6 h after infection) in B10.L-Lsh BMmø, suggesting that iron depletion from the parasitophorous vacuole mediated by the Nramp1 transporter accelerates LIT1 expression.

Fig. S1 shows Nramp1-dependent expression of *LIT1* by intracellular *L. amazonensis*. Randomly acquired, independent microscopic fields showing immunofluorescence of C57BL/10ScSn (Nramp1^−/−^) or B10.L-Lsh (Nramp1^+/+^) BMmø after 1 (A) or 6 (B) h of infection with *L. amazonensis* axenic amastigotes. *LIT1* is detected after 6 h of infection in Nramp1^+/+^ BMmø, whereas expression levels remain low in Nramp1^−/−^ BMmø at 1 and 6 h after infection. Antibodies to LIT1 are labeled in green, and the host cell and parasite\'s DNA are stained in blue (DAPI). Arrows point to infected macrophages. The images were acquired and enhanced for contrast under identical conditions. Online supplemental material is available at <http://www.jem.org/cgi/content/full/jem.20060559/DC1>.
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